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O-linked glycosylation is the attachment of a sugar molecule to the oxygen atom of serine
(Ser) or threonine (Thr) residues in a protein. O-glycosylation is a post-translational
modification that occurs after the protein has been synthesised. In eukaryotes, it occurs in
the endoplasmic reticulum, Golgi apparatus and occasionally in the cytoplasm; in
prokaryotes, it occurs in the cytoplasm.!!l Several different sugars can be added to the serine
or threonine, and they affect the protein in different ways by changing protein stability and
regulating protein activity. O-glycans, which are the sugars added to the serine or threonine,
have numerous functions throughout the body, including trafficking of cells in the immune
system, allowing recognition of foreign material, controlling cell metabolism and providing
cartilage and tendon flexibility.?! Because of the many functions they have, changes in O-
glycosylation are important in many diseases including cancer, diabetes and Alzheimer's. O-
glycosylation occurs in all domains of life, including eukaryotes, archaea and a number of
pathogenic bacteria including Burkholderia cenocepacia,'¥! Neisseria gonorrhoeael4! and
Acinetobacter baumannii.l®!
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Common types of O-glycosylation
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O-N-acetylgalactosamine (O-GalNAc)
O-N-ZBLF ¥R (O-GalNAc)

Addition of N-acetylgalactosamine (GalNAc) to a serine or threonine occurs in the Golgi
apparatus, after the protein has been folded.[18] The process is performed by enzymes
known as GalNAc transferases (GALNTs), of which there are 20 different types.[®! The initial
O-GalNAc structure can be modified by the addition of other sugars, or other compounds
such as methyl and acetyl groups.[!! These modifications produce 8 core structures known to
date.[?! Different cells have different enzymes that can add further sugars, known as
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glycosyltransferases, and structures therefore change
from cell to cell.l¥] Common sugars added include
galactose, N-acetylglucosamine, fucose and sialic acid.
These sugars can also be modified by the addition of
sulfates or acetyl groups.
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GalNAc is added onto a serine or threonine residue from a precursor molecule, through the
activity of a GalNAc transferase enzyme.!!l This precursor is necessary so that the sugar can
be transported to where it will be added to the protein. The specific residue onto which
GalNAc will be attached is not defined, because there are numerous enzymes that can add
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the sugar and each one will favour different residues.!Zl However, there are often proline
(Pro) residues near the threonine or serine. €
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Once this initial sugar has been added, other glycosyltransferases can catalyse the addition
of additional sugars. Two of the most common structures formed are Core 1 and Core 2.
Core 1 is formed by the addition of a galactose sugar onto the initial GaINAc. Core 2 consists
of a Core 1 structure with an additional N-acetylglucosamine (GIcNAc) sugar.[ A poly-N-
acetyllactosamine structure can be formed by the alternating addition of GIcNAc and
galactose sugars onto the GalNAc sugar.l8]
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Terminal sugars on O-glycans are important in recognition by lectins and play a key role in
the immune system. Addition of fucose sugars by fucosyltransferases forms Lewis epitopes
and the scaffold for blood group determinants. Addition of a fucose alone creates the H-
antigen, present in people with blood type O.[8] By adding a galactose onto this structure, the
B-antigen of blood group B is created. Alternatively, adding a GalNAc sugar will create the A-
antigen for blood group A.
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Functions ZhiE

O-GalNAc sugars are important in a variety of processes, including leukocyte circulation
during an immune response, fertilisation, and protection against invading microbes.[112]

O-GalNAc HEEZ FI T HREER , BIFRR R NMRKBMMIEL. SAEMPLEBESA
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O-GalNAc sugars are common on membrane glycoproteins, where they help increase rigidity
of the region close to the membrane so that the protein extends away from the surface.[®! For
example, the low-density lipoprotein receptor (LDL) is projected from the cell surface by a
region rigidified by O-glycans.?]
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In order for leukocytes of the immune system to move into infected cells, they have to
interact with these cells through receptors. Leukocytes express ligands on their cell surface
to allow this interaction to occur.l!! P-selectin glycoprotein ligand-1 (PSGL-1) is such a ligand,
and contains a lot of O-glycans that are necessary for its function. O-glycans near the
membrane maintain the elongated structure and a terminal sLe* epitope is necessary for
interactions with the receptor.8!
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Mucins are a group of heavily O-glycosylated proteins that line the gastrointestinal and
respiratory tracts to protect these regions from infection.®! Mucins are negatively charged,
which allows them to interact with water and prevent it from evaporating. This is important in
their protective function as it lubricates the tracts so bacteria cannot bind and infect the body.
Changes in mucins are important in numerous diseases, including cancer and inflammatory
bowel disease. Absence of O-glycans on mucin proteins changes their 3D shape
dramatically and often prevents correct function.112!
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O-N-acetylglucosamine (O-GIcNAc)
O-N-ZBt& E &3 (0-GIcNAc)

Main article: O-GlcNAc F 458 : O-GlcNAc

Addition of N-acetylglucosamine (O-GIcNACc) to serine and threonine residues usually occurs
on cytoplasmic and nuclear proteins that remain in the cell, compared to O-GalNAc
modifications which usually occur on proteins that will be secreted.l!% O-GIcNAc
modifications were only recently discovered, but the number of proteins with known O-
GIcNAc modifications is increasing rapidly.[! It is the first example of glycosylation that does
not occur on secretory proteins.

HEE KA IMRER R LR O-GalNAc E4HHEML , M LR RIRZE R N-Z B8R,
FEHENE (O-GleNAc) B ¥ A ERBEMEF M mmgEn i, 19 0-GleNAc &1
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O-GIcNAcylation differs from other O-glycosylation processes because there are usually no
sugars added onto the core structure and because the sugar can be attached or removed
from a protein several times.[8l] This addition and removal occurs in cycles and is performed
by two very specific enzymes. O-GIcNAc is added by O-GIcNAc transferase (OGT) and
removed by O-GIcNAcase (OGA). Because there are only two enzymes that affect this
specific modification, they are very tightly regulated and depend on a lot of other factors.!!
O-GlcNA Btk SHE A O-REEAIFEARE , FAR LM LB E A RMNEE , TEMETIAZ A
BARLEMERKR. © U XFRNMEREALE  FERMIESRARNERIT. O-
GIcNAc H O-GIcNAc % (OGT) % MN3EE O-GlcNAcase (OGA) k4. BT RAEFH S
X FSE B, FILENSZREHER PR NS EFIA TS HtmRR, M
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Because O-GIcNAc can be added and removed, it is known
as a dynamic modification and has a lot of similarities to
phosphorylation. O-GlcNAcylation and phosphorylation can
occur on the same threonine and serine residues, suggesting
a complex relationship between these modifications that can
affect many functions of the cell.lfl12] The modification
affects processes like the cells response to cellular stress,
the cell cycle, protein stability and protein turnover. It may be
implicated in neurodegenerative diseases like Parkinson's
and late-onset Alzheimer's!!l12 and has been found to play a
role in diabetes.[3]
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2, ETRESIAEFRCIEAMR R MM /RSB CAEF#221R 1T
tgema X W2 | 3B B AR R &3FER. 12

D-GlcNAC
transiarase

7N,

Protein Protein

"

O-GichAcase

O-GIcNAc is added to the
protein by O-GIcNAc
transferase and is removed by
O-GIcNAcase in a continuous
cycle.

O-GIcNAc 1&1d O-GlcNAc 7%
EARMBIEART |, FHFEESIE

M O-GlcNAcase K&,

Additionally, O-GlcNAcylation can enhance the Warburg Effect, which is defined as the
change that occurs in the metabolism of cancer cells to favour their growth.[f1l14] Because
both O-GlcNAcylation and phosphorylation can affect specific residues and therefore both
have important functions in regulating signalling pathways, both of these processes provide

interesting targets for cancer therapy.

B4k , O-GIcNAcylation B AR Warburg S , XN € X AR RBAS+ A EREFT
HAKWA, © 14 BFO-GIcNACNARL L FNREL 1L EB T ANt %5 , Rt EEAT
ESERTHEEEEINRE , FNXB/NTFEEB A RIE AT TR T BBl A,

O-Mannose (O-Man) O-H & (O-Man)

O-mannosylation involves the transfer of a mannose from a dolichol-P-mannose donor
molecule onto the serine or threonine residue of a protein.[18 Most other O-glycosylation
processes use a sugar nucleotide as a donor molecule.!Z] A further difference from other O-
glycosylations is that the process is initiated in the endoplasmic reticulum of the cell, rather
than the Golgi apparatus.[!l However, further addition of sugars occurs in the Golgi.[*%!
O-HEEMEEALIS KK H BHEN L HlF-P-H BEEMAS FHBRIER RN R/R S RIR I E
£, W REHEA O-WERAI RS AR ERR AN F. [ 5HAD O-EEAMF—4
XHE , RS R EARNN TN G, MARES/REERTS Bz, WM |, FERst

— R e R R, 1]

Until recently, it was believed that the process is restricted to fungi, however it occurs in all
domains of life; eukaryotes, (eu)bacteria and archae(bacteri)a.[8! The best characterised O-
mannosylated human protein is a-dystroglycan.[®] O-Man sugars separate two domains of
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the protein, required to connect the extracellular and intracellular

regions to anchor the cell in position.lZ! Ribitol, xylose and :*””-“'-'“'
Man
glucuronic acid can be added to this structure in a complex Gal

modification that forms a long sugar chain.®! This is required to # Neuhc
stabilise the interaction between a-dystroglycan and the ﬁ :qu
extracellular basement membrane. Without these modifications, the
glycoprotein cannot anchor the cell which leads to congenital

muscular dystrophy (CMD), characterised by severe brain

malformations.!12] Ribitol-P
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4, N SEEXMIEFTARIE (CMD) , FHA4FIE 2 ™ 2 i R
., 1 O-Mannose sugars
attached to serine and
threonine residues on
a-dystroglycan separate
the two domains of the
protein. Addition of
Ribitol-P, xylose and
glucuronic acid forms a
long sugar that can
stabilise the interaction
with the basement
membrane.
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O-Galactose (O-Gal) O-¥F|8& (O-Gal)

O-galactose is commonly found on lysine residues in collagen, which often have a hydroxyl
group added to form hydroxylysine. Because of this addition of an oxygen, hydroxylysine can
then be modified by O-glycosylation. Addition of a galactose to the hydroxyl group is initiated
in the endoplasmic reticulum, but occurs predominantly in the Golgi apparatus and only on
hydroxylysine residues in a specific sequence. 1118l
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While this O-galactosylation is necessary for correct function in all collagens, it is especially
common in collagen types IV and V.19 |n some cases, a glucose sugar can be added to the
core galactose.[’]

BIRXFP O-FFUEEMAXT T A REEANEHNGERE LT , BB IV RV RRRE
ARAEEN., BEFEELT |, aTRUSEERERNE R X2 T, [

O-Fucose (O-Fuc) O-E3%## (O-Fuc)

Addition of fucose sugars to serine and threonine residues is an unusual form of O-
glycosylation that occurs in the endoplasmic reticulum and is catalysed by two
fucosyltransferases./2% These were discovered in Plasmodium falciparum'?1l and
Toxoplasma gondii.122]

BERERNE LR EREE LR —FATER O-EEMEN , REFENERMF , 7
FRMFE RS ., xR EMIE RS P S EahaIm, 2

Several different enzymes catalyse the elongation of the core fucose, meaning that different
sugars can be added to the initial fucose on the protein.[2% Along with O-glucosylation, O-
fucosylation is mainly found on epidermal growth factor (EGF) domains found in proteins.!Z]
O-fucosylation on EGF domains occurs between the second and third conserved cysteine
residues in the protein sequence.l!l Once the core O-fucose has been added, it is often
elongated by addition of GIcNAc, galactose and sialic acid.

JIF AR RIRBEAE A% DA R BRI (X ERE T AR RFER NI E B R EARaE 5
F. RORT O-EAERENZ S, O-BERENFEFETEARTHREEKE T (EGF)
gErigiR. D EGF 5Migi b O-E B b R A EEA RFFITRMBE AN FE= MR
SEEEZE, W—BiFmT il O-5%NE , BE L\BITIRM GlcNAc, FUAEFIEERER K
EKE.

Notch is an important protein in development, with several EGF domains that are O-
fucosylated.l28] Changes in the elaboration of the core fucose determine what interactions
the protein can form, and therefore which genes will be transcribed during development. O-
fucosylation might also play a role in protein breakdown in the liver.!1]

Notch EABHFHEEEAR , AH S O-ERMEELN EGF Mk, B it EsmmT
EREFPRTMRE T RA RS T2AREEER , AMRE THLERBELTIFET
WEER., O-ERMEEN MR P EA AR AIEER. U

O-Glucose (O-Glc) O-#j%&#E (O-Glc)
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Similarly to O-fucosylation, O-glucosylation is an unusual O-linked modification as it occurs
in the endoplasmic reticulum, catalysed by O-glucosyltransferases, and also requires a
defined sequence in order to be added to the protein. O-glucose is often attached to serine
residues between the first and second conserved cysteine residues of EGF domains, for
example in clotting factors VIl and IX.[Z] O-glucosylation also appears to be necessary for the
proper folding of EGF domains in the Notch protein.[24]

5 O-EEBEENEMN , O-BAEREENE—FMATEN O-FkBih , AAACRELENRMF
B O-HE A EL , FECTFERENFINAERMEEART ., O-FHEEEEWE
£ EGF 5B SE— M B ZMRTHMRRBEE Z AN LR IR L | flan7Eit R+ Vi
X, U O-HENEEMMT T Notch R+ EGF MR ERT St 2 N ER, [
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Main article: Proteoglycans
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Structures of heparan sulphate and keratan sulphate, formed by the
addition of xylose or GalNAc sugars, respectively, onto serine and
threonine residues of proteins.

TRERZ BT 2R 8 MANGEM , 93BT EER RRNZLIER TR
RERFRA _ERINAYESL GalNAc #EMIE K.

Proteoglycans consist of a protein with one or more sugar side chains, known as
glycosaminoglycans (GAGs), attached to the oxygen of serine and threonine residues.[&!
GAGs consist of long chains of repeating sugar units. Proteoglycans are usually found on the
cell surface and in the extracellular matrix (ECM), and are important for the strength and
flexibility of cartilage and tendons. Absence of proteoglycans is associated with heart and
respiratory failure, defects in skeletal development and increased tumor metastasis./2!
EARBEHAF RS MENENEA AR , FRAVEIRRNE (GAG) , EELRBRMAR
MEREME L., 2 GAG HESMATMKMAR., £ EEE FaTHARREAMApES
E (ECM) /1, I THEMURAREEM RIEHREE. EAZENRZ SOBMIFRF

B, BRAB RGBS X, &

Different types of proteoglycans exist, depending on the sugar that is linked to the oxygen
atom of the residue in the protein. For example, the GAG heparan sulphate is attached to a
protein serine residue through a xylose sugar.lZl The structure is extended with several N-
acetyllactosamine repeating sugar units added onto the xylose. This process is unusual and
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requires specific xylosyltransferases.€! Keratan sulphate attaches to a serine or threonine
residue through GalNAc, and is extended with two galactose sugars, followed by repeating
units of glucuronic acid (GIcA) and GIcNAc. Type Il keratan sulphate is especially common in
cartilage.[&

FHEARREMEAZNE , AR TSEA RZAENARFHIERNNE. 5120 , GAG MRS
BT RIB T AN E AR RLRBEE L., U BTRMEIARE_ AL N-ZBEEF AERE
EMERIUKRY REM. XNIRBAIE  TENCHNAEELSE. O ks RREd
GalNAc it EEL R RMIXE L , FFRMNFFNEL M , RfaEBENERR (GlcA) M
GlcNAc ER #it. || BViiEA RARER B AEE L. &

Lipids J§/&

Galactose or glucose sugars can be attached to a
hydroxyl group of ceramide lipids in a different form
of O-glycosylation, as it does not occur on proteins.
(6] This forms glycosphingolipids, which are o

important for the localisation of receptors in v Galactosylceramide
membranes.[& Incorrect breakdown of these lipids
leads to a group of diseases known as

,_,{ Ceramica

i
e Glucosylceramide

sphingolipidoses, which are often characterised by a

neurodegeneration and developmental disabilities. Structure of ceramide,

FF s EENE T LA RITET K O-HEE i) galactosylceramide and
HEAMRERWEE L, RACASREEREAR glucosylceramide.

b, Blx AT ARENERE | XN TR SRR AR, FFUEHABIRI A B E
BE. 8RR RS A SR — AR AR PIRHOLEA.
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Because both galactose and glucose sugars can be added to the ceramide lipid, we have
two groups of glycosphingolipids. Galactosphingolipids are generally very simple in structure
and the core galactose is not usually modified. Glucosphingolipids, however, are often
modified and can become a lot more complex.
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Biosynthesis of galacto- and glucosphingolipids occurs differently.l8] Glucose is added onto
ceramide from its precursor in the endoplasmic reticulum, before further modifications occur
in the Golgi apparatus./®l Galactose, on the other hand, is added to ceramide already in the
Golgi apparatus, where the galactosphingolipid formed is often sulfated by addition of sulfate
groups.®
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Glycogenin ¥R

One of the first and only examples of O-glycosylation on tyrosine, rather than on serine or
threonine residues, is the addition of glucose to a tyrosine residue in glycogenin.!”!
Glycogenin is a glycosyltransferase that initiates the conversion of glucose to glycogen,
present in muscle and liver cells.[2¢]
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Clinical significance IEFKE X

All forms of O-glycosylation are abundant throughout the body and play important roles in
many cellular functions.
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Lewis epitopes are important in determining blood groups, and allow the generation of an
immune response if we detect foreign organs. Understanding them is important in organ
transplants.™!
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Hinge regions of immunoglobulins contain highly O-glycosylated regions between individual
domains to maintain their structure, allow interactions with foreign antigens and protect the
region from proteolytic cleavage.! €]
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Alzheimer's may be affected by O-glycosylation. Tau, the protein that accumulates to cause
neurodegeneration in Alzheimer's, contains O-GIcNAc modifications which may be
implicated in disease progression.[!!
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Changes in O-glycosylation are extremely common in cancer. O-glycan structures, and
especially the terminal Lewis epitopes, are important in allowing tumor cells to invade new
tissues during metastasis./®! Understanding these changes in O-glycosylation of cancer cells
can lead to new diagnostic approaches and therapeutic opportunities.[!
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